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ABSTRACT: Understanding of the fundamental chemical and physical processes that lead to
the formation and evolution of secondary organic aerosol (SOA) in the atmosphere has been
rapidly advancing over the past decades. Many of these advancements have been achieved
through laboratory studies, particularly SOA studies conducted in environmental chambers.
Results from such studies are used to develop simpli�ed representations of SOA formation in
regional- and global-scale air quality models. Although it is known that there are limitations in
the extent to which laboratory experiments can represent the ambient atmosphere, there have
been no systematic surveys of what de�nes atmospheric relevance in the context of SOA
formation. In this work, GEOS-Chem version 12.3 was used to quantitatively describe
atmospherically relevant ranges of chemical and meteorological parameters critical for
predictions of the mass, composition, and physical properties of SOA. For some parameters,
atmospherically relevant ranges are generally well represented in laboratory studies. However
for other parameters, signi�cant gaps exist between atmospherically relevant ranges and typical
laboratory conditions. For example, cold winter (less than 0 °C) and humid (greater than 70%
RH) conditions are relatively common on the Earth’s surface but are poorly represented in published chamber data. Furthermore,
the overlap in relative humidity and organic aerosol mass between chamber studies and ambient conditions is almost nonexistent.
For parameters with signi�cant gaps, extended laboratory studies and/or mechanistic models are needed to bridge these gaps.
KEYWORDS: secondary organic aerosol, nitrogen oxides, peroxyl radicals, autoxidation, accretion, chamber studies, GEOS-Chem

� INTRODUCTION
Organic aerosol (OA) makes up a signi�cant fraction of
submicron particle mass in the atmosphere1 and thus adversely
a�ects air quality and alters the Earth’s radiative budget. OA
includes primary organic aerosol (POA, directly emitted) and
secondary organic aerosol (SOA, formed in situ). SOA can
represent up to 65% of total OA mass in urban areas and 95%
in remote areas.1 Organic compounds with su�ciently low
volatility to exist in the particle phase under ambient
conditions contribute to SOA formation and growth; such
compounds can be formed via gas-phase oxidation and/or
multiphase reactions (e.g., accretion and organic salt
formation).2 In any given location, the extent of SOA
formation is a function of (1) the identities and quantities of
the precursors, (2) the reactivity of those precursors and their
oxidation products, and (3) the tendencies of the oxidation
and other reaction products to condense. All of these are in
turn dependent on local meteorological and chemical
conditions including temperature (T), relative humidity
(RH), nitrogen oxides levels (NOx), and oxidant levels [e.g.,
hydroxyl (OH), ozone (O3), and nitrate (NO3)].

SOA formation is highly dependent on gas-phase NOx levels,
and more precisely, the relative ratios of NO, hydroperoxyl
radicals (HO2), and peroxyl radicals (RO2).3�8 Volatile
organic compounds (VOCs) react with atmospheric oxidants

to form RO2 radicals. In stepwise sequential oxidation,
bimolecular reactions of RO2 with HO2, NO, and/or other
RO2 radicals (blue arrows Figure 1a) can lead to the formation
of condensable products.9,10 The pathways that favor
functionalization and production of lower volatility products
promote SOA formation and growth. For example, it has been
demonstrated that for aromatic compounds, SOA yields are
lower under high NO conditions (dominant RO2 + NO) due
to greater formation of higher volatility organic nitrates and
oxygenates, and SOA yields are higher under low NO
conditions (dominant RO2 + HO2/RO2) due to greater
formation of lower volatility hydroperoxides, carboxylic acids,
and hemiacetal oligomers.4,5,11 Historically, bimolecular RO2 +
RO2 reactions have been thought to be relatively unimportant,
and thus, the observed NOx-dependence of SOA formation is
often represented in models using a branching ratio (�) to
calculate the fraction of VOC (as RO2) that reacts with NO
relative to HO2 (Figure 1a, right panel);12 each VOC fraction
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then has associated partitioning parameters that are typically
derived from chamber studies.13,14 When RO2 lifetimes are
su�ciently long, intramolecular H-shift reactions can occur
(RO2 isomerization or autoxidation, as shown by a red arrow
in Figure 1a).10,15,16 RO2 isomerization reactions, particularly
when occurring multiple times in sequence, can rapidly lower
the vapor pressures of organic species by adding multiple
oxygenated functional groups and producing compounds with
higher oxygen to carbon (O/C) ratios than stepwise sequential
oxidation.17,18 These highly oxidized molecules (“HOMs”)
may also form dimers in the gas phase, further promoting SOA
formation.18�20 The lack of data and detailed structure�
activity relationships for autoxidation and RO2 dimerization,
and subsequent development of generalized parameterizations,
has precluded the widespread inclusion of these processes in
simpli�ed representations of SOA formation.

The distribution of products formed from the oxidation,
fragmentation, and functionalization of VOCs can be
represented using the volatility basis set (VBS) approach, in
which compounds are binned on a decadal scale based on their
e�ective saturation vapor concentration, C* (Figure 1b).21 The
C* value is the inverse of the gas/particle partitioning
coe�cient, Kp (=1/C*), and facilitates an intuitive under-
standing of a compound’s general tendency to partition to the
particle phase as the fraction of a compound in the particle
phase, f p, = 0.5 when C* = mOA, where mOA is the mass
concentration of the absorbing OA phase (Figure 1b). The
values of Kp (or C*) are a function of vapor pressure, pL°, and

composition of the absorbing organic phase.22 The composi-
tion of the absorbing phase determines the activity coe�cient,
�, of the condensing compound and mean molecular weight,
MW, of the absorbing phase (Figure 1b).22 Values of pL°, �, and
MW are strongly in�uenced by T and RH; particularly when
the presence of organic-phase water is considered, which
modi�es � and decreases the MW of the absorbing phase.23,24

The � values of organic compounds can be su�ciently high in
particles with inorganic compounds and water to promote
phase separation; phase separation can be predicted and
parameterized as a function of RH and particle composi-
tion.25�27 Particle viscosity (and subsequently, molecular
di�usion timescales) is also in�uenced by particle composition,
T, and RH, such that under speci�c conditions (lower T and
RH), the assumption of thermodynamic equilibrium is no
longer valid, and a kinetic representation of gas/particle
partitioning must be invoked.28�31

In addition to SOA formation via condensation of oxidation
products and HOM dimers formed in the gas phase, there are a
number of multiphase SOA formation pathways that occur
either in particles or on their surface (Figure 1c). Organic salt
formation and accretion reactions are two examples of such
pathways. The extent of organic salt formation can be
parameterized using e�ective saturation concentrations for
the participating acids (CHA,eff* ) and bases (CB,eff* ) that are
dependent on particle pH (Figure 1c).2,32 Accretion reactions
may occur in (on) largely organic and aqueous phases
(particles); low molecular weight and highly soluble organic
compounds are more likely to participate in aqueous-phase
reactions.33 For example, isoprene oxidation products with
epoxide functionality partition to the aqueous phase and
undergo acid-catalyzed ring opening followed by nucleophilic
addition to form methyltetrols and organosulfates.34,35

Aqueous SOA formation pathways can be parameterized
using an e�ective saturation concentration for the aqueous
phase (Caq*), in which vapor pressure is replaced by e�ective
Henry’s law constant, and mOA by mass of particle-phase water
(maq) or liquid water content (LWC).36 These aqueous phase
SOA formation pathways are highly dependent on particle pH
and LWC.37

In most widely used chemical transport models (CTMs),
representation of SOA formation is parameterized using the
two-product (2p) or VBS approach.21,38 In both approaches,
chamber data are �t to obtain parameters that describe the
molar yields (�) and gas/particle partitioning coe�cients (Kp
or C*) of a �nite number of products (2p) or bins (VBS) that
are used to represent the suite of condensable reaction
products. Parameters are typically derived using data from a
series of experiments with a single VOC precursor + oxidant,
under conditions designed to approach atmospheric relevance
and minimize experimental artifacts.39 Those parameters are
then used to predict SOA formation from lumped model
surrogates (e.g., high-yield aromatics, low-yield aromatics, and
monoterpenes) under a range of ambient conditions. In this
work, the global CTM GEOS-Chem was used to explore
atmospherically relevant ranges of meteorological and chemical
parameters critical for predictions of SOA mass, composition,
and physical properties. Predicted values are discussed in the
context of gas-phase chemistry, gas/particle partitioning, and
multiphase chemistry relevant to SOA formation. Parameter
ranges are discussed in the context of understanding the extent
to which laboratory experimental data represent ambient

Figure 1. Schematic of relevant SOA formation processes: (a) gas-
phase chemistry, (b) gas/particle partitioning, and (c) multiphase
chemistry (left panels) and associated parameterizations, equations,
and variables (right panels).
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atmospheric conditions. Implications and opportunities for
future experimental and modeling studies are also discussed.

Model Description. GEOS-Chem version 12.3 was used
to provide modeled distributions of key meteorological and
chemical parameters for SOA mass and composition in
summer and winter months. Global 2° × 2.5° simulations
were performed for January and July 2013, including 1 month
of discarded spinup, driven by the GEOS Forward Processing
(GEOS-FP) operational data stream provided by the NASA
Global Modeling and Assimilation O�ce (GMAO, https://
gmao.gsfc.nasa.gov). GEOS-Chem was run using 47 hybrid �-
pressure levels ranging from the surface to 0.01 hPa; with
upper atmosphere levels (beginning around 90 hPa) of the
native 72-layer met product vertical grid lumped for computa-
tional e�ciency.

Global anthropogenic emissions were from the Community
Emissions Data System (CEDS),40 supplemented by detailed
regional inventories where available, including the United
States (NEI11),41 Canada (CAC),42 East Asia (MIX),43 and
Africa (DICE-Africa).44 Emissions from open �res were from
the GFED4.1 inventory,45 while lightning NOx was para-
meterized to match region-speci�c climatological observa-
tions.46 Biogenic emissions were included using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN
v2.1)47 with updates for acetaldehyde emissions48 and CO2
dependence.49 Non-agricultural ammonia emissions were from
the Global Emissions InitiAtive (GEIA) inventory (http://
www.geiacenter.org/); online biogenic soil NOx emissions
were included following a study by Hudman et al.50 Marine
emissions of dimethyl sul�de (DMS),51 acetone,52 acetalde-
hyde,48 and ammonia53 also were included to supplement the
global data sets.

Gas-phase chemistry was performed using the GEOS-Chem
mechanism through the KPP chemical solver.54 RO2
bimolecular lifetime was calculated using gridded mixing ratios
of 32 RO2 species, tracked in this version of GEOS-Chem, and
mixing ratios of NO and HO2; RO2 + RO2 reactions were not
considered in the RO2 lifetime calculations. The bimolecular
lifetime for each individual RO2 species was determined based
on summed pseudo-�rst-order reaction rates. The resultant
RO2 species-speci�c lifetimes were then averaged by grid cells
(weighted by the RO2 species mixing ratio) to obtain the
gridded RO2 lifetime.

Inorganic aerosol thermodynamics, including particle pH
and LWC, were computed by the ISORROPIA II55 module, as
implemented by Pye et al.56 Thus, LWC represents liquid
water associated with the inorganic aerosol fraction only. SOA
formation was modeled using the simpli�ed VBS approach of
Pye et al.13 with semi-volatile POA and SOA parameters for
monoterpenes, sesquiterpenes, aromatics, alkanes, and inter-
mediate VOCs, supplemented by the irreversible aqueous-
phase isoprene and organonitrate SOA scheme of Marais et
al.57 Dry deposition was represented using the Wesely58

“resistance-in-series” scheme, with aerosols handled following
Zhang et al.59 Wet deposition was included as described in Liu
et al.60 and Amos et al.61 for water soluble particles and gases,
respectively, with Henry’s law constants as compiled by Sander
et al.62 and Sa�eddine and Heald.63

To examine the modeled distributions of meteorological and
chemical parameters across multiple domains of interest, the
output was subset both spatially and temporally. Vertical layers
[surface, planetary boundary layer (PBL), and free tropo-
sphere] were de�ned for each grid cell using boundary heights,

as de�ned by the GEOS-FP product. Terrestrial distributions
were determined by selecting only cells with a land fraction
greater than zero; remaining cells were de�ned as oceanic. To
di�erentiate areas with elevated OA levels, a concentration
threshold of 0.5 �g m�3 was chosen for additional subsetting.
Finally, population data from the Gridded Population of the
World (GPWv4), a product of the Socioeconomic Data and
Applications Center (SEDAC), were used to calculate all
population-weighted statistical metrics.

Laboratory Data. Barsanti et al.39 previously compiled a
summary of SOA chamber data from 22 laboratory studies
published between 1999 and 2011. With the exception of one
foundational study that has been widely used to derive SOA
parameterizations, data from those publications are not
reported here. However, the data ranges reported by Barsanti
et al.39 are included in Table S1, and average T and RH values
and the minimum and maximum mOA values are included in
the relevant �gures.

Building on Barsanti et al.,39 data were collected from 65
additional laboratory studies of SOA formation published
between 1999 and 2018, with the majority of papers (49 of 65)
published in 2012 or later. Only publications that reported
SOA mass, or both reacted hydrocarbon (�HC) level and
SOA yield (from which SOA mass could be calculated), were
included. Temperature, RH, initial NOx levels, and �HC levels
were listed when reported or easily inferred; blanks indicate
that no data were reported. While the majority of data were
from batch experiments conducted in Te�on chambers, data
were also included from stainless steel chambers (e.g., refs 64
and 65) and �ow reactors (e.g., potential aerosol mass
reactor).66,67 Experiments included single anthropogenic or
biogenic precursors and mixtures (e.g., biogenic compound
mixtures,68 volatile chemical product mixtures,69 and biomass
burning emissions70,71) under a wide range of conditions (i.e.,
di�ering oxidants, aging timescales, and UV spectra). The data
and sources are summarized in Table S1.

� RESULTS AND DISCUSSION
The GEOS-Chem model output parameters are presented in
15 �gures in the main text and 17 �gures in the Supporting
Information; the �gures are listed in Table 1 in order of
appearance. They are presented as surface-level maps;
terrestrial histograms shaded by OA mass threshold (0.5 �g
m�3); vertical mean box plots over land at the surface, within
the PBL, and in the free troposphere; vertical mean box plots
weighted by population density and �ltered by the minimum
OA mass threshold (0.5 �g m�3); and vertical mean box plots
over the ocean and �ltered by the minimum OA mass
threshold (0.5 �g m�3). The ranges and means of all parameter
values are listed in Table 2, sorted by general model
con�dence. The parameters are discussed in the context of
gas-phase chemistry (oxidation pathways and radical fates: e.g.,
NO mixing ratio, � value, and RO2 lifetime), the chemical and
physical properties that in�uence gas/particle partitioning and
multiphase chemistry (particle mass, composition, and phase:
e.g., OA, T, RH, pH, and LWC), and the ranges for which
relevant laboratory data are sparse to nonexistent (laboratory-
model comparison: e.g., T and RH, RH and OA mass).

Oxidation Pathways and Radical Fates. The fate of
RO2 radicals is a key determinant in the volatility and
functionality distributions of organic oxidation products
formed in the atmosphere. In the context of SOA formation,
research largely has been focused on the extent to which RO2
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radicals react with NO versus HO2, where reactions with NO
are more prevalent under high NOx conditions and with HO2
under low NOx conditions. To account for the observed
dependence of SOA formation on NOx conditions, the fraction
of RO2 radicals reacting with NO versus HO2 has been
parameterized in models as follows12

� =
[ ]

[ ] + [ ]
+

+ +

k

k k

NO

NO HO
RO NO

RO NO RO HO 2

2

2 2 2

where � = 1 indicates that all of the RO2 radicals react with
NO. SOA formation is then predicted using a linear
combination of SOA parameters derived from experiments in
the absence of NOx (� � 0) and presence of NOx (� � 0).
More recently, it has been demonstrated that unimolecular
RO2 reactions (H-shifts) leading to HOM formation are
competitive for some RO2 and that RO2 dimerization can also
occur; both types of reactions can contribute signi�cantly to
SOA formation. However, no generalized parameterizations
exist for these processes, and thus, they are not included in
most simpli�ed representations of SOA formation in regional
and global models.

Ambient NO emissions are associated with anthropogenic
activities and thus are higher in urban or industrialized
locations. Figure 2 shows that modeled NO values peak
predictably over areas with the greatest human activity and
population density (upper left), also resulting in strong
hemispheric di�erences in mean surface levels. The monthly

mean distributions based on GEOS-Chem are heavy tailed
(upper right) and reveal a correlation between higher OA
concentrations (darker shaded bars) and higher NO levels,
especially in the winter. Overall, monthly mean NO mixing
ratios are less than 1 ppb across seasons and hemispheres, with
a global terrestrial average of �0.12 ppb.

Modeled mean summer � values (Figure 3) are roughly
normal in distribution (greatest frequency between 0.25 and
0.75), with a downward shift during winter months, especially
in more remote regions (Figure 3). Modeled � values also
show a strong diurnal cycle in most locations, as indicated by
the average daily maxima (�0.75) and minima (�0�0.12)
lines. Peak � values correspond to increasing NO in the
daytime, especially in areas heavily impacted by anthropogenic
emissions (average value �0.5 over land surface), suggesting
the importance of diurnal cycles for capturing the NOx
dependence of SOA formation. The wide distribution and
strong diurnal cycle of modeled � values highlight a need for
constraining � values in chamber studies and evaluating the
extent to which linear combinations of existing SOA
parameters adequately represent SOA formation across the
range of atmospherically relevant conditions.

While the reactions of RO2 with other RO2 are thought to be
a relatively minor pathway in the ambient atmosphere, recent
research has demonstrated the potential importance of RO2
unimolecular reactions (autoxidation) for atmospherically
relevant systems. For bimolecular reactions with NO/HO2,
RO2 lifetimes are on the order of 1 to 100 s. Reported
unimolecular H-shift reaction rates are typically <1 s�1.17,72

Thus, when RO2 bimolecular lifetimes are on the order of 10
to 100 s, autoxidation may be competitive. Figure 4 shows the
wide distribution of calculated monthly mean average RO2
bimolecular lifetime (see Supporting Information for details).
This qualitative assessment suggests that there are a number of
regions over which unimolecular RO2 reactions (autoxidation)
may be competitive with bimolecular reactions. Furthermore,
these regions with warmer temperatures and reduced NO
emissions are expected to become increasingly common, even
in many urban areas, increasing the potential importance of
unimolecular RO2 reactions (e.g., Praske et al.73).

Particle Mass, Composition, and Phase State. As
illustrated in Figure 1b, the fraction of any compound in the
particle phase ( f p,i) increases non-linearly with an increase in
OA mass (mOA). Global modeled OA mass concentrations
(Figure 5) show strong seasonality associated primarily with
biogenic emissions. Distributions of monthly averages are
heavy-tailed and span several orders of magnitude, from less
than 1 �g m�3 to over 10 �g m�3. The ranges of values are
largely consistent with the measured and modeled OA mass
ranges reported by Spracklen et al.,74 wherein OA mass was
underpredicted in the base case simulation relative to the
observations, as well as the modeled OA mass range of
Tsigaridis et al.75 The fractional contribution of SOA to total
OA is shown in Figure S7, while the relative contributions of
biogenic and anthropogenic SOA are shown in Figures S10
and S11, respectively.

Partitioning coe�cients (C*/Kp) are strongly dependent on
temperature. For values derived at a given temperature (T*),
the temperature dependence in the ambient atmosphere can be
represented assuming a constant � and MW, as described by
Sheehan and Bowman,76 where the volatility of the lumped
compound or model surrogate increases with T. In addition, at
low T, particle viscosity increases, increasing the potential for

Table 1. List of Figures in Manuscript and Supporting
Information

Figure 1 relevant SOA formation
processes, equations, and
parameters

Figure
S1

VOCs

Figure 2 NO Figure
S2

VOC/NOx ratio

Figure 3 RO2 bimolecular branching
ratio (�)

Figure
S3

JNO2

Figure 4 RO2 bimolecular chemical
lifetime

Figure
S4

H2O2/HNO3

Figure 5 total OA Figure
S5

total RO2

Figure 6 temperature Figure
S6

organic fraction of PM2.5
mass

Figure 7 RH Figure
S7

SOA fraction of total or-
ganic mass

Figure 8 pH Figure
S8

total secondary inorganic
aerosol (SIA)

Figure 9 particle LWC Figure
S9

total SOA

Figure
10

surface vs chamber NOx and
VOCs

Figure
S10

biogenic SOA mass frac-
tion

Figure
11

surface vs chamber condi-
tions T and RH

Figure
S11

anthropogenic SOA mass
fraction

Figure
12

surface vs chamber condi-
tions T and RH, high SOA
formation potential

Figure
S12

OM/OC

Figure
13

free troposphere vs chamber
conditions T and RH

Figure
S13

phase state (Tg/T)

Figure
14

number of studies with
representative T and RH

Figure
S14

SRH

Figure
15

surface vs chamber condi-
tions RH and OA mass

Figure
S15

phase separation
(SRH/RH)

Figure
S16

surface vs chamber RH and
OA mass, high SOA
formation potential

Figure
S17

surface vs chamber NOx
and VOCs, high SOA
formation potential
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Table 2. Parameter Means and Standard Deviation for Surface, PBL, and UT; Sorted by General Con�dence in the Parameter

description units
model

confidence season surface mean
surface std.

dev. PBL mean PBL std. dev. UT mean UT std. dev.

temperature °C high summer 19 9.38 17.1 8.53 �19.5 4.5
winter �1.4 19.8 �1.89 19.2 �28.5 4.7

RH % high summer 67.1 20.2 67 19.5 58.6 16.1
winter 72.8 22.1 72 22.7 54.2 17.8

JNO2 photolysis
rate

1/s high summer 0.00344 0.00101 0.00367 0.000989 0.00604 0.000914

winter 0.00134 0.00105 0.00142 0.00113 0.00249 0.00181

RO2 branching
ratio

unitless mid summer 0.425 0.14 0.4 0.142 0.374 0.0624

winter 0.336 0.18 0.3 0.166 0.191 0.104

total OA �g/m3 mid summer 3.83 9.96 3.46 7.61 0.777 1.17
winter 3.04 7.96 2.67 6.81 0.421 1.07

SOA:
anthropogenic
fraction

unitless mid summer 0.068 0.0962 0.0666 0.0904 0.0723 0.072

winter 0.083 0.0889 0.0833 0.0857 0.0914 0.050

SOA: biogenic
fraction

unitless mid summer 1.73 2.98 1.67 2.87 1.3 1.68

winter 0.723 1.32 0.714 1.26 0.49 0.468

summed VOCs ppbC mid summer 20.7 42 16.3 34.6 2.13 2.5
winter 21.1 34 17.7 27.8 2.93 2.1

SOA vs summed
VOCs

�g/m3/ppbC mid summer 0.29 0.487 0.331 0.506 0.349 0.388

winter 0.053 0.0772 0.0624 0.0895 0.0765 0.0984

summed VOCs vs
NOx

ppbC/ppb mid summer 248 2010 322 2740 34.1 40.2

winter 149 855 173 1070 114 165

secondary
inorganic mass

�g/m3 mid summer 2.48 4.71 2.2 3.82 0.496 0.515

winter 5.77 12.2 5.2 10.8 0.656 0.911

organic fraction
PM2.5 mass

unitless mid summer 0.298 0.249 0.294 0.244 0.231 0.2

winter 0.156 0.154 0.155 0.151 0.134 0.1

NO mixing ratio ppb mid summer 0.0541 0.109 0.0372 0.0643 0.0277 0.015
winter 0.176 0.971 0.129 0.677 0.0152 0.023

NOx mixing ratio ppb mid summer 0.616 1.2 0.342 0.599 0.0943 0.0625
winter 1.42 2.9 0.992 2.19 0.0885 0.107

SOA mass �g/m3 mid summer 1.84 1.9 1.73 1.7 0.359 0.261
winter 0.868 1.8 0.793 1.6 0.133 0.215

[H2O2]/[HNO3] ppb/ppb mid summer 4.56 8.05 4.49 4.99 4.24 3.2
winter 2.47 10.9 2.16 7.65 2.67 2.3

summed RO2
species (ppb)

ppb mid summer 0.0126 0.0104 0.0112 0.0079 0.00471 0.00118

winter 0.00543 0.0106 0.00487 0.0081 0.00216 0.00166

RO2 lifetime s mid summer 236 193
winter 16,400 73,800
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kinetic limitations to equilibrium gas/particle partitioning.
Simulated global T distributions are shown in Figure 6. The
broadest distribution in land surface temperature is observed in

the northern hemisphere, especially in the winter, due to the
relative abundance of land mass at northern latitudes. The
January land surface temperatures (excluding Antarctica) range

Table 2. continued

description units
model

confidence season surface mean
surface std.

dev. PBL mean PBL std. dev. UT mean UT std. dev.

particle liquid water
(�g/m3)

�g/m3 low summer 5.4 12.5 4.07 8.47 0.847 1.04

winter 22 44.4 19.9 40.4 1.85 2.43

particle pH unitless low summer 1.07 0.82 0.968 0.772 �0.0428 0.565
winter 1.35 1.1 1.24 1.06 �0.199 0.359

SOA fraction OA
mass

unitless low summer 1.8 3.05 1.74 2.93 1.38 1.72

winter 0.81 1.37 0.798 1.31 0.585 0.494

OM/OC from
parent HC

OM/OC very low summer 2.04 0.142 2.05 0.136 2.06 0.117

winter 1.96 0.159 1.97 0.153 2.04 0.0945

O/C ratio from
binned SOA

O/C very low summer 0.699 0.113 0.704 0.109 0.714 0.0932

winter 0.633 0.127 0.644 0.122 0.699 0.0756

separation RH % very low summer 49.9 20.6 49 20 47.5 18.2
winter 63.3 23.3 62 23 51.7 16.3

SRH vs RH
(binned)

SRH/RH very low summer 0.806 0.359 0.78 0.341 0.861 0.344

winter 0.932 0.474 0.91 0.411 1.03 0.405

Figure 2. Monthly average NO for January and July 2013, presented as surface-level maps (upper left panel), land surface histograms (upper right
panel), and subset box plots (lower panels). Histograms are shaded to di�erentiate regions averaging less than 0.5 �g m�3 OA by mass (light gray)
from regions with at least that amount (dark gray), and exclude Antarctica. Land vertical mean box plots (lower left panel) show average values
over land at the surface (light blue), within the PBL (blue), and within the free troposphere (dark blue). Population-weighted box plots (middle
panel) show distributions weighted by gridded population density (white) and �ltered for only cells showing an average of at least 0.5 �g m�3 OA
by mass (brown). Ocean box plots (lower right) �lter out all cells over land surfaces.
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